Introduction {#s1}
============

During each reproductive cycle, in the absence of fertilization, the corpus luteum loses functionality and undergoes extensive structural remodeling to become a small avascular fibrous tissue vestige, the corpus albicans \[[@R01]\]. Such structural remodeling involves an increase in extracellular matrix proteins and matrix metalloproteinases (MMPs) \[[@R02]--[@R04]\], cell death \[[@R05]\], vascular regression \[[@R06]--[@R08]\], and an influx of circulating immune cells into the regressing corpus luteum \[[@R09]\].

In luteolytic remodeling, the extracellular matrix is characterized by deposition of collagen 1 \[[@R08],[@R10],[@R11]\]. Alterations in the expression of the MMPs and tissue inhibitors of MMPs (TIMPs) have been hypothesized to have functional implications for the decrease in progesterone and structural remodeling in luteolysis. An increase in the expression (mRNA) and activity of several MMPs, including MMPs 1, 2, 3, 7, 9, and 14, was observed in sheep corpus luteum after in vivo treatment with a luteolytic dose of prostaglandin F2alpha (PGF2α) \[[@R12]\]. An increase in the MMP:TIMP ratio during PGF2α-induced luteolysis may be important for the structural involution of the corpus luteum. For instance, treatment resulted in a decline in *TIMP1* mRNA and protein in ovine luteal tissue \[[@R13]\]. In the same study, *TIMP2* and *TIMP3* mRNA was not affected by PGF2α treatment \[[@R13]\]. Increased mRNA for *MMP1, MMP2, MMP9,* and *MMP14* and decreased mRNA for *TIMP2* were reported in bovine corpus luteum at different time points after PGF2α-induced luteolysis \[[@R14]\].

Transforming growth factor beta 1 (TGFB1) mRNA is induced in the bovine corpus luteum in vivo by a luteolytic dose of PGF2α \[[@R15]--[@R17]\]. In addition, treatment with PGF2α in vitro induced TGFB1 mRNA and protein secretion in primary cultures of bovine luteal cells \[[@R17]\] and reduced progesterone secretion, implicating TGFB1 in luteolysis \[[@R17]\]. Fibroblasts are responsible for the regulation of extracellular matrix production and turnover for the preservation of tissue architecture. Fibroblasts are the main effector cells in the process of fibrogenesis in multiple organ systems. TGFB1 induces fibroblast proliferation and transformation into myofibroblasts and stimulates the accumulation of matrix proteins, including laminin, collagens 1 and 3, as well as fibronectin \[[@R18]--[@R20]\]. Furthermore, it induces the expression of the MMPs, TIMPs, and plasmin activator inhibitor 1, thus fine-tuning the extent of matrix remodeling \[[@R21]\]. TGFB1 inhibits proliferation in most cells, including epithelial and endothelial cells \[[@R22]\]. Numerous articles describe promitogenic effects of TGFB1 on fibroblasts of different origin. TGFB1 promotes proliferation of renal fibroblasts \[[@R23]\], adult human skin fibroblasts \[[@R24], [@R25]\], dermal fibroblasts \[[@R26]\], and pulmonary fibroblasts \[[@R27]\]. However, TGFB1 reduces proliferation of serum-deprived murine cardiac fibroblasts \[[@R28]\], oral fibroblasts \[[@R26]\], and fetal human skin fibroblasts \[[@R24], [@R25]\]. During fibrogenesis, TGFB1 activates resident fibroblasts, which undergo functional and phenotypic changes, acquiring a myofibroblastic phenotype. Myofibroblasts in vitro express contractile proteins, including α-smooth muscle actin, vimentin, and desmin and are able to effectively contract collagen gels. In addition to participating in tissue fibrosis, myofibroblasts are associated with normal wound healing and are cleared through apoptosis in the progression of granulomatous tissue to a mature scar \[[@R29]\].

The involvement of TGFB1 in the regulation of tissue remodeling that occurs during luteolysis has not been examined in detail. The present study examined the effects of TGFB1 on the function of luteal fibroblasts. Our working hypothesis was that TGFB1 stimulates profibrotic activity during luteal regression. We found that treatment of luteal fibroblasts with TGFB1 results in increased matrix synthetic capability, migratory potential, and capacity to contract collagen matrices but reduced cell proliferation. Our findings suggest that luteal fibroblasts contribute to the accumulation and contraction of a collagen 1-rich extracellular matrix, which are mediated by increased expression of TGFB1 in the regressing corpus luteum.

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

Dulbecco modified Eagle medium (DMEM) was obtained from Mediatech, and fetal calf serum (FCS) was from Cambrex. Type II collagenase was obtained from Atlantic Biologicals. Dynabeads M-450 Epoxy was purchased from Invitrogen. Griffonia (Bandeiraea) Simplicifolia Lectin 1 (BSL-I) and mounting medium VECTASHIELD were from Vector Laboratories. Recombinant human TGFB1, recombinant human Fas ligand (FASLG), recombinant bovine basic fibroblast growth factor (FGF2), and recombinant human tumor necrosis factor alpha (TNF) were from R&D Systems. Recombinant bovine interferon gamma (IFNG) was from Thermo Fisher Scientific. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), bovine fibronectin, bovine gelatin, bovine casein, rabbit antifibronectin, and monoclonal anti-β-actin antibody were from Sigma Chemical Co. Phospho-SMAD2 (Ser465/467), phospho-SMAD3 (Ser423/425), SMAD2, and SMAD3 antibodies were purchased from Cell Signaling Technology. Endothelial nitric oxide synthase (eNOS; also called NOS3) antibody was from BD Transduction Laboratories, and VE-cadherin (VE-cad; also called CDH5) antibody was obtained from Pierce. Laminin and collagen 1 antibodies were from Rockland. Monoclonal anti-prolyl-4-hydroxylase antibody was from Acris. MMP1, MMP2, MMP9, TIMP1, and TIMP2 antibodies were from R&D Systems. Alexa 488-conjugated immunoglobulin G was from Molecular Probes, Inc. \[^3^H\]thymidine was from MP Biomedicals. Bovine collagen 1 and cell culture inserts (transparent polyethylene terephthalate membrane; pore size, 8 μm) were purchased from BD Biosciences. The 3-beta-hydroxysteroid dehydrogenase (HSD3B) antibody was a gift from Ian Mason \[[@R30]\]. Western Lightning ECL was from PerkinElmer Life Sciences, Inc. Kodak x-ray film was purchased from Fisher Scientific, Inc.

Luteal Fibroblast Isolation and Culture {#s2b}
---------------------------------------

Ovaries were collected at a local slaughterhouse from first-trimester pregnant cows (fetal crown-rump length, \<15 cm). Fibroblasts were isolated from the corpus luteum by repeated enzymatic digestion (twice for 40 min each time) with type II collagenase (∼100 U/ml, 5 ml/g tissue) followed by affinity purification with magnetic beads. The magnetic beads (Dynabeads M-450 Epoxy) were coated with BSL-I following the manufacturer\'s instructions. The beads (1 × 10^6^ beads/ml) were incubated for 30 min with dispersed luteal cells. The bead-adherent cells were washed and cultured in growth medium (DMEM supplemented with 10% FCS and antibiotics \[100 IU/ml of penicillin, 100 μg/ml of streptomycin, and 50 μg/ml of amphotericin\]). We found that luteal fibroblasts and endothelial cells, but not steroidogenic cells, bind to BSL1-beads. Luteal endothelial cells required specific culture conditions and did not survive the long isolation process. Fibroblasts associated with the beads grew rapidly and took over the culture before colonies of endothelial cells were visible. Luteal fibroblasts were passed and expanded four times until no steroidogenic or endothelial cells were visible in the culture. At this passage, cells were stored and characterized. Luteal fibroblasts were used for all experiments between passages 5 and 10. The characteristics of passage 6 fibroblasts are shown in [Figure 1](#F01){ref-type="fig"}.

![Characterization of fibroblasts isolated from the bovine corpus luteum. Luteal fibroblasts were isolated from bovine corpus luteum and characterized by their morphology and expression of cell markers. Fibroblasts were cultured in monolayer in growth medium (DMEM supplemented with 10% FCS). Supernatant medium was harvested, and the expression of matrix-remodeling proteins was examined by Western blot analysis and zymography. **A**) Luteal fibroblasts display typical fibroblast morphology; they are spindle-shaped, with numerous cytoplasmic processes forming a network of intercellular contacts. Original magnification ×100. **B**) Characterization of luteal fibroblasts by Western blot analysis of cell lysates (40 μg protein/lane). Luteal endothelial cell (End) and steroidogenic luteal cell (SLC) protein extracts were prepared as previously described \[[@R30], [@R37]\]. Luteal fibroblasts (Fib) expressed fibroblast cell markers collagen 1 (COL1) and prolyl 4-hydroxylase (P4HB) but did not express endothelial cell (End) markers VE-cad and eNOS. In addition, luteal fibroblasts did not express the SLC marker HSD3B. **C**) The expression of matrix-remodeling proteins by luteal fibroblasts was examined by Western blot analysis of conditioned medium. Luteal fibroblasts secreted MMP1, MMP2, TIMP1, and TIMP2 but did not express MMP9. **D**) Gelatin zymography of conditioned medium (30 μl/lane) shows the presence of MMP2 zymogen in conditioned medium from cultured luteal fibroblasts.](i0006-3363-87-5-127-f01){#F01}

Western Blot Analysis {#s2c}
---------------------

Cells were harvested from culture plates with ice-cold cell lysis buffer (20 mM Tris-HCl \[pH 7\], 150 mM NaCl, 1 mM disodium ethylenediaminetetra-acetic acid, 1 mM ethyleneglycoltetra-acetic acid, 1% Triton X-100, and protease and phosphatase inhibitor cocktails). Equal amounts of protein (30 or 40 μg) from cell lysates were subjected to electrophoresis under reducing conditions on 10% SDS-PAGE and electrotransferred to polyvinylidene fluoride membranes. The membranes were blocked for 1 h with TBS-T (Tris-buffered saline, 0.1% Tween 20) containing 5% nonfat dried milk at room temperature and incubated overnight at 4°C with a 1:1000 dilution of primary antibodies in TBS-T/5% nonfat dried milk. After washing in TBS-T, membranes were incubated for 1 h with horseradish peroxidase-coupled secondary antibody diluted 1:2500 in TBS-T/2% dried milk at room temperature. After an additional washing in TBS-T, the membranes were developed with Western Lightning ECL detection system. Detection was performed by exposure to blue light-sensitive autoradiography film.

\[^3^H\]Thymidine Incorporation {#s2d}
-------------------------------

Luteal fibroblasts were seeded in 24-well plates at a density of 2 × 10^4^ cells/well in growth medium (DMEM medium supplemented with 5% FCS) and cultured for 24 h. Cells were rinsed, serum-starved in DMEM for 2 h, and treated in serum-free DMEM with control or TGFB1 (0--10 ng/ml) for 24 h. \[^3^H\]thymidine (4 μCi/ml) was added 6 h before the end of the incubation period. To terminate the incubations, unincorporated radioactivity was removed by washing cells once with ice-cold PBS followed by the addition of 10% trichloroacetic acid for 30 min at 4°C. Next, wells were washed with ice-cold PBS and solubilized with 0.2 M NaOH at room temperature. The radioactivity was determined by liquid scintillation counting.

MTT Assay for Cell Viability {#s2e}
----------------------------

Luteal fibroblasts were seeded in growth medium (DMEM medium supplemented with 5% FCS) at low density (2 × 10^4^ cells/well) in 24-well plates or at high density (3 × 10^4^ cells/well) in 48-well plates. After 24 h of culture, cells were rinsed and serum-starved in DMEM for 2 h. Cells were treated in serum-free DMEM for 24 or 48 h as indicated in figure legends. MTT (0.5 mg/ml) was added to each well 4 h before the end of the incubation period. Next, the medium was removed, and dimethyl sulfoxide was added to each well. Optical density was read in a spectrophotometer (SPECTRAmax PLUS; Molecular Devices) using a wavelength of 570 nm.

Chemotaxis Assay {#s2f}
----------------

Chemotaxis assays were performed using transwell inserts (pore size, 8 μm), which were precoated with 100 μl of a solution of bovine gelatin (1 mg/ml in 0.1% acetic acid). Wells of a 24-well plate were coated with 100 μl of a 20 μg/ml solution of bovine fibronectin and dried at room temperature. Luteal fibroblasts were suspended at 4 × 10^5^ cells/ml in DMEM and layered (150 μl) in the transwell insert. DMEM (0.5 ml) was added to the fibronectin-coated wells, and the inserts were placed in the wells. At this time, fibroblasts were treated with control, TGFB1 (1 ng/ml), or FGF2 (10 ng/ml) and incubated at 37°C. After 6 h, the cells on the top of the filter were removed by scraping. Migrated cells were fixed and stained with methanol/0.04% crystal violet for 30 min. Cells were photographed (100× magnification), and three pictures per condition tested were quantified. Quantification of cell numbers was done using MicroSuite FIVE software for imaging applications from Olympus Soft Imaging Solutions. The experiment was repeated in three separate occasions, and three inserts were used for each treatment.

Immunofluorescence {#s2g}
------------------

For the study of extracellular matrix synthesis, luteal fibroblasts were seeded on six-well plates containing glass coverslips at a density of 2.5 × 10^5^ cells/well in growth medium (DMEM medium supplemented with 5% FCS) and cultured for 24 h. Cells were rinsed, serum-starved in DMEM for 2 h, and treated in serum-free DMEM with control or TGFB1 (0--10 ng/ml) for 24 h. After treatment, cells were washed with cold PBS and fixed with ice-cold 4% paraformaldehyde for 30 min. Cells were permeabilized in PBS/0.4% Triton X-100 for 10 min at room temperature and then blocked for 1 h in blocking buffer (PBS, 0.2% Triton X-100, and 10% FCS). Primary antibody was diluted 1:200 in blocking buffer and incubated overnight at 4°C. Cells were washed with PBS and incubated for 1 h at room temperature with appropriate secondary fluorophore-conjugated antibodies diluted 1:400 in blocking buffer. Cells were next washed three times with PBS and mounted with VECTASHIELD. Controls included cells probed with secondary antibody alone.

Gelatin and Casein Zymography {#s2h}
-----------------------------

Fibroblasts were cultured in six-well plates and treated with TGFB1 (1 ng/ml) in serum-free DMEM and incubated for up to 48 h. Conditioned medium was collected for zymography. Equal volumes (30 μl) of conditioned medium samples were mixed with six-fold-concentrated sample loading buffer and subjected to electrophoresis on 10% SDS-PAGE containing 1% gelatin under nonreducing conditions. SDS was removed from the gel by washing twice for 30 min each time in washing buffer (2.5% Triton X-100 and 50 mM Tris-HCl \[pH 7.5\]). Enzymatic activity was initiated by incubation in digestion buffer (50 mM Tris-HCl \[pH 7.6\], 150 mM NaCl, and 5 mM CaCl~2~) for an optimized length of time at 37°C. Gels were developed by staining with Coomassie Brilliant Blue (0.1% Coomassie Brilliant Blue R-250 (Sigma Chemical Co.) in 50% methanol and 10% glacial acetic acid). Thereafter, gels were destained in 10% methanol and 5% glacial acetic acid. The gelatinolytic activities were detected as clear bands on a uniform blue background. For casein zymography, gelatin was replaced by casein (final concentration, 0.1%), and the gels were processed in the same manner.

Collagen Matrix Contraction Assay {#s2i}
---------------------------------

Luteal fibroblasts were trypsinized, washed, resuspended in DMEM, and counted. Bovine collagen 1 (0.8 ml; protein concentration, 3 mg/ml) was prepared by neutralizing with 0.001 M NaOH (100 μl) and 10× DMEM (100 μl) following the manufacturer\'s instructions. Fibroblasts (final concentration, 1 × 10^6^ cells/ml) were mixed with bovine collagen 1 solution (final concentration, 1.5 mg/ml) in DMEM. Aliquots of this solution (200-μl aliquot containing 2 × 10^5^ cells) were added into each well (containing a 12-mm circular inscription made with a pap pen) of a 24-well culture plate. The plate was incubated for 1 h at 37°C, during which time each aliquot would polymerize and form a disk. DMEM (0.5 ml) was added to each well after polymerization, and the fibroblast-populated matrices were released with the aid of a rounded metal spatula. Matrices (three per 35-mm dish) were floated in DMEM control medium or in medium treated with TGFB1 (1 ng/ml) and photographed daily during 3 days of incubation at 37°C. Microscopy of matrices was also performed daily. Quantification of matrix area was done using MicroSuite FIVE software for imaging applications from Olympus Soft Imaging Solutions. The experiment was repeated on three separate occasions, and three matrices were prepared for each condition tested.

Effect of Fibrillar Collagen 1 on Cell Viability {#s2j}
------------------------------------------------

Bovine collagen 1 was diluted in DMEM and pipetted into 48-well plates (0.15 ml/well, ∼2.4 mg/ml), polymerized for 1 h at 37°C, and dried overnight at room temperature. Luteal fibroblasts were plated (5 × 10^4^ cells/well) in growth medium (DMEM medium supplemented with 5% FCS). Cells were treated as described in the figure legends. The effects on morphogenesis of cells were photographed after 24 h with an inverted microscope. One picture (40× magnification) was taken in the central area of each well. The experiment was repeated in three separate occasions, and three wells were used for each condition tested.

Apoptosis Assay {#s2k}
---------------

The effect of fibrillar bovine collagen 1 and TGFB1 on luteal fibroblasts was examined. Fibroblasts were plated on collagen 1 gels and treated with TGFB1 as described above. Caspase 3/7 activity was determined at 8 and 24 h of incubation using the Caspase-Glo 3/7 assay kit (catalog no. G8091; Promega) following the manufacturer\'s instructions. Briefly, Caspase-Glo 3/7 reagent was added to each well in a 1:1 ratio and incubated with gentle shaking for 30 min at room temperature before measuring luminescence using a FLUOstar OPTIMA microplate reader (BMG Labtech, Inc.).

Statistical Analyses {#s2l}
--------------------

All data are presented as the mean ± SEM. Three experiments were conducted on separate occasions (n = 3) unless otherwise noted, and each experiment was performed in triplicate for each condition tested. Comparisons for differences between groups were made by ANOVA with Tukey post-test. In all analyses, a value of *P* \< 0.05 was considered to be significant. Statistical analysis of experimental data was performed using GraphPad Prism software (GraphPad Software, Inc.).

Results {#s3}
=======

Characterization of Luteal Fibroblasts {#s3a}
--------------------------------------

Luteal fibroblasts were isolated using lectin-coated magnetic beads and expanded before they were used for experiments. During the initial passages, fibroblasts grew rapidly, whereas other cell types did not survive, resulting in a highly enriched culture. Luteal fibroblasts displayed typical fibroblast morphology, being spindle-shaped with numerous cytoplasmic processes forming a network of intercellular contacts ([Fig. 1](#F01){ref-type="fig"}A). Characterization of luteal fibroblasts by Western blot analysis showed that these cells express the fibroblast cell markers collagen 1 and prolyl 4-hydroxylase. Luteal fibroblasts did not express the endothelial cell markers VE-cad and eNOS or the steroidogenic luteal cell marker HSD3B ([Fig. 1](#F01){ref-type="fig"}B). We also examined the expression of MMPs and TIMPs in luteal fibroblasts by Western blot analysis and gelatin zymography of conditioned medium. Luteal fibroblasts secreted MMP1, MMP2, TIMP1, and TIMP2 but did not express MMP9 ([Fig. 1](#F01){ref-type="fig"}C). Gelatin zymography showed the presence of the latent form of MMP2 in fibroblast-conditioned medium ([Fig. 1](#F01){ref-type="fig"}D).

TGFB1 Induces Phosphorylation of SMAD2/3 in Luteal Fibroblasts {#s3b}
--------------------------------------------------------------

To examine whether TGFB1 signaling is active in luteal fibroblasts, we performed time-course and concentration-dependent response experiments. Treatment with TGFB1 (1 ng/ml) for 60 min produced a concentration-dependent increase in the phosphorylation of SMAD2 and SMAD3 ([Fig. 2](#F02){ref-type="fig"}A). The physiologic concentration of 1 ng/ml of TGFB1 \[[@R31]--[@R34]\] appeared to be maximally effective for phosphorylation of SMAD2, whereas higher concentrations of TGFB1 (10 ng/ml) were required for phosphorylation of SMAD3. Time-course experiments revealed that SMAD2 was phosphorylated within 30 min following treatment with TGFB1 (1 ng/ml) and that phosphorylation was sustained after 4 h of treatment ([Fig. 2](#F02){ref-type="fig"}B). Only slight increases in the phosphorylation of SMAD3 were observed following treatment with 1 ng/ml of TGFB1 over the 4-h time course ([Fig. 2](#F02){ref-type="fig"}B).

![TGFB1 induces phosphorylation of SMAD2 and SMAD3 in luteal fibroblasts. **A**) Concentration response to TGFB1. Cells were serum-starved and treated with TGFB1 (0--10 ng/ml) for 60 min under serum-free conditions. **B**) Time-course response to TGFB1. Cells were serum-starved and treated with TGFB1 (1 ng/ml) for up to 4 h under serum-free conditions. Levels of phosphorylated SMAD2 and SMAD3 were determined by Western blot analysis of cell lysates (30 μg protein/lane). Levels of total SMAD2 and SMAD3 proteins are also shown.](i0006-3363-87-5-127-f02){#F02}

TGFB1 Reduces DNA Synthesis in Luteal Fibroblasts {#s3c}
-------------------------------------------------

Because TGFB1 is a strong mitogen for renal fibroblasts, we speculated that TGFB1 would induce proliferation of luteal fibroblasts. To investigate whether TGFB1 affects luteal fibroblast proliferation, we monitored DNA synthesis by measuring \[^3^H\]thymidine incorporation in response to increasing concentrations of TGFB1 (0--10 ng/ml). Although all three concentrations tested reduced DNA synthesis in luteal fibroblasts, 1.0 ng/ml had the most robust effect and significantly (*P* \< 0.05) reduced basal DNA synthesis (50% ± 3% inhibition, n = 6) ([Fig. 3](#F03){ref-type="fig"}). Treatment of fibroblasts with 5% FCS routinely caused a 3-fold increase in \[^3^H\]thymidine incorporation ([Fig. 3](#F03){ref-type="fig"}). FGF2 (10 ng/ml) also significantly (*P* \< 0.05) increased basal DNA synthesis in fibroblasts ([Fig. 3](#F03){ref-type="fig"}B). TGFB1 (1 ng/ml) significantly (*P* \< 0.05) decreased the stimulatory effect of FGF2 (75% ± 5% inhibition, n = 3) and 5% FCS (55% ± 2% inhibition, n = 6) ([Fig. 3](#F03){ref-type="fig"}B). An additional experiment examined whether the TGFB1-induced reduction in DNA synthesis was associated with a reduction in cell viability, as measured using the MTT assay. In a single experiment performed in triplicate under the same conditions used for analysis for \[^3^H\]thymidine incorporation, treatment of fibroblasts with TGFB1 (1 ng/ml) did not reduce cell viability in cells treated for 24 h with control medium, FGF2, or FCS (3% ± 2.9%, 1% ± 0.2%, 2 ± 0.2% inhibition, respectively). These results indicate that TGFB1 inhibits luteal fibroblast proliferation without reducing cell viability.

![TGFB1 reduces DNA synthesis in luteal fibroblasts. **A**) \[^3^H\]thymidine incorporation assay of fibroblasts plated at low density and treated with or without TGFB1 (0--10 ng/ml) for 24 h. Some cells were cultured in the presence of 5% FCS alone or in combination with TGFB1 (1 ng/ml) for 24 h. Data are expressed as the percentage incorporation of \[^3^H\]thymidine compared to the maximal response group (5% FCS). Data represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, \**P* \< 0.05). **B**) \[^3^H\]thymidine incorporation assay of fibroblasts plated at low density and treated for 24 h with or without TGFB1 (1 ng/ml) in the absence (Ctl) or presence of FGF2 (10 ng/ml) and 5% FCS. Data are expressed as the percentage incorporation of \[^3^H\]thymidine compared to the maximal response group (5% FCS). Data represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, \**P* \< 0.05).](i0006-3363-87-5-127-f03){#F03}

TGFB1 Does Not Affect Luteal Fibroblast Viability When Plated on Plastic {#s3d}
------------------------------------------------------------------------

We examined if the TGFB1-induced reduction in DNA synthesis was associated with a reduction in cell viability, as measured using the MTT assay. To perform these experiments, fibroblasts were plated at higher density and treated when the cells were at approximately 80% density. Under these experimental conditions, treatment of luteal fibroblasts with TGFB1 (0--10 ng/ml) did not reduce cell viability after 24 or 48 h when plated on plastic (n = 3, *P* \> 0.05) ([Fig. 4](#F04){ref-type="fig"}A). We also examined the effect of cytokines known to induce cell death in luteal endothelial cells \[[@R35]--[@R37]\]. Treatment with TNF (50 ng/ml), IFNG (50 ng/ml), or their combinations for 24 or 48 h had no significant effect on cell viability ([Fig. 4](#F04){ref-type="fig"}B). Treatment with FASLG (100 ng/ml) had a consistent but slight (∼10%) inhibitory effect on fibroblast viability ([Fig. 4](#F04){ref-type="fig"}B). In addition, under these culture conditions, treatment with TGFB1 (1 ng/ml) in combination with these cytokines did not alter cell viability (n = 3, *P* \> 0.05). These results demonstrate that luteal fibroblasts are not a primary target for cytotoxic cytokines and that TGFB1 does not alter luteal fibroblast viability.

![TGFB1 does not reduce viability of luteal fibroblasts. **A**) MTT assay of fibroblasts plated on plastic at high density and treated for 24 and 48 h without or with TGFB1 (0--10 ng/ml) in the absence of FCS. Data represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, *P* \> 0.05 vs. 0 ng/ml of TGFB1). **B**) MTT assay of fibroblasts plated on plastic at high density and treated for 48 h with control medium (Control) or TGFB1 (1 ng/ml), alone or in combination with control medium (Ctl), TNF (50 ng/ml), IFNG (50 ng/ml), or FASLG (100 ng/ml) in the absence of FCS. Results are expressed as the percentage absorbance observed in the control group. Data shown represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, *P* \> 0.05 vs. Ctl).](i0006-3363-87-5-127-f04){#F04}

TGFB1 Increases Chemotaxis of Luteal Fibroblasts Toward Fibronectin {#s3e}
-------------------------------------------------------------------

To determine whether TGFB1 affects luteal fibroblast migration, we used a transwell system with cell culture inserts (pore size, 8 μm). The membrane of the inserts was coated with a solution of bovine gelatin (100 μg/insert), and the wells of the culture plate were coated with human fibronectin (2 μg/well) to act as a chemoattractant. Fibroblasts were allowed to migrate over a 6-h time period. Using fibronectin as the chemoattractant \[[@R38]\], TGFB1 (1 ng/ml) significantly increased chemotaxis compared to control (80% ± 10% increase, n = 3, *P* \< 0.05) ([Fig. 5](#F05){ref-type="fig"}). FGF2 also increased luteal fibroblast chemotaxis, but to a lesser extent than TGFB1.

![TGFB1 increases chemotaxis of luteal fibroblasts toward fibronectin. Fibroblasts were harvested with trypsin and used for chemotaxis in the blind-well Boyden chamber assay. Fibroblasts were treated with control medium (Ctl), TGFB1 (1 ng/ml), or FGF2 (10 ng/ml) alone or in combination in the upper well. Fibronectin (20 μg/ml) was used as the chemoattractant. Chemotaxis was measured as the number of migrated cells after a 6-h incubation period. **A**) Migrated fibroblasts found on the bottom of the transwell membrane were fixed, stained, and photographed. Original magnification ×100. **B**) Quantification of cell migration. Cell migration is represented as a percentage of the number of fibroblasts migrated in the control treatment group. Data shown represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, \**P* \< 0.05 vs. Ctl).](i0006-3363-87-5-127-f05){#F05}

TGFB1 Induces Extracellular Matrix Protein Synthesis {#s3f}
----------------------------------------------------

We examined the ability of luteal fibroblasts to produce extracellular matrix proteins. TGFB1 induced marked up-regulation of laminin and collagen 1 protein in luteal fibroblasts that peaked after 24 h of stimulation ([Fig. 6](#F06){ref-type="fig"}). Luteal fibroblasts also produced fibronectin and collagen 4, but these proteins were not appreciably regulated by TGFB1 ([Fig. 6](#F06){ref-type="fig"}). These results suggest that luteal-derived fibroblasts could directly contribute to the deposition of collagen 1 in the regressing corpus luteum. We also examined the ability of luteal fibroblasts to secrete MMPs by Western blot analysis ([Fig. 7](#F07){ref-type="fig"}A) and zymography ([Fig. 7](#F07){ref-type="fig"}, C and D) of conditioned medium. Western blot analysis showed no detectable level of MMP1 release under control conditions. Treatment with TGFB1 (1 ng/ml) significantly up-regulated the release of MMP1, which was detected in both the latent and active forms ([Fig. 7](#F07){ref-type="fig"}, A and B). The presence and up-regulation of active MMP1 was confirmed by casein zymography ([Fig. 7](#F07){ref-type="fig"}C). The release of TIMP1 was not appreciably regulated by TGFB1 ([Fig. 7](#F07){ref-type="fig"}A). Western blot analysis showed that TGFB1 (1 ng/ml) slightly up-regulated the release of TIMP2 and latent MMP2 ([Fig. 7](#F07){ref-type="fig"}A). Gelatin zymography of conditioned medium confirmed that MMP2 was present only in the latent form ([Fig. 7](#F07){ref-type="fig"}D).

![Effect of TGFB1 treatment on the expression of extracellular matrix proteins by luteal fibroblasts**.** Luteal fibroblasts were treated with control medium (Control) or TGFB1 (1 ng/ml) in serum-free medium for up to 48 h, and extracellular matrix protein expression was examined by Western blot analysis and immunofluorescence. **A**) Western blot analysis of cell lysates (40 μg protein/lane). A representative Western blot shows levels of fibronectin, laminin, collagen 1, and collagen 4, with β-actin as loading control. **B**) Data from densitometric analysis are shown as fold-increases over the untreated control samples after normalization to β-actin. Treatment with TGFB1 up-regulated the expression of laminin and collagen 1. Data represent three separate experiments (mean ± SEM, n = 3. \**P* \< 0.05 vs. Control). **C**) Analysis of protein expression by immunofluorescence of luteal fibroblast treated with TGFB1 for 24 h. TGFB1 treatment increased the intensity of the staining for laminin and collagen 1. Original magnification ×200.](i0006-3363-87-5-127-f06){#F06}

![Effect of TGFB1 on MMP release by luteal fibroblasts. Fibroblasts were cultured in monolayer and treated with TGFB1 (1 ng/ml) in serum-free medium. Supernatant medium was harvested, and the expression of matrix-remodeling proteins was examined by Western blot analysis and zymography. **A**) Western blot analysis (30 μl medium/lane) for MMP1, TIMP1, MMP2, and TIMP2. **B**) Data from densitometric analysis shown as fold-increases over the untreated control samples (12 h). TGFB1 up-regulated the expression of latent and active MMP1. Data represent three separate experiments (mean ± SEM, n = 3, \**P* \< 0.05 vs. Control). **C**) Casein zymography (30 μl medium/lane) for MMP1. The presence of the active form of MMP1 was detected in medium samples from TGFB1-treated cells only. **D**) Gelatin zymography (30 μl medium/lane) for MMP2. Luteal fibroblasts produced only inactive MMP2.](i0006-3363-87-5-127-f07){#F07}

TGFB1-Mediated Contraction of Fibroblast-Populated Collagen Matrices {#s3g}
--------------------------------------------------------------------

To examine the effects of TGFB1 on luteal fibroblast function, we assessed the ability of the cells to elicit extracellular matrix contraction using fibroblast-populated bovine collagen 1 matrices ([Fig. 8](#F08){ref-type="fig"}A). Fibroblasts were harvested with trypsin and cast into collagen matrices, which floated in DMEM medium with or without TGFB1 (1 ng/ml). Fibroblasts embedded in a collagen matrix interact with collagen fibrils and produce cytoplasmic extensions to migrate through the matrix. This migratory activity of fibroblasts results in contraction of the matrix \[[@R39], [@R40]\]. In accordance, luteal fibroblasts within collagen matrices produced a network of cytoplasmic extensions ([Fig. 8](#F08){ref-type="fig"}C). In the absence of serum, fibroblasts were able to contract the matrices (30% reduction of original size). Stimulation with TGFB1 (1 ng/ml) significantly (*P* \< 0.05) increased matrix contraction compared to controls (63% reduction of original size) ([Fig. 8](#F08){ref-type="fig"}, A and B).

![TGFB1 enhanced contraction of fibroblast-populated collagen 1 matrices. The role of TGFB1 in luteal fibroblast contractile function was investigated using fibroblast-populated bovine collagen 1 matrices. Fibroblasts were harvested with trypsin and cast into collagen matrices, which were then floated in DMEM with or without TGFB1 (1 ng/ml). **A**) Representative experiment using control (**top**) and TGFB1 (1 ng/ml; **bottom**)-treated collagen matrices. **B**) Matrix size is expressed as the percentage of initial area. Quantitative analysis demonstrated that matrix area was significantly smaller in matrices treated with TGFB1. Data represent three independent experiments, each performed in triplicate (mean ± SEM, n = 3, \**P* \< 0.05 vs. Control). **C**) Morphology of fibroblasts cast into floating collagen matrices. Fibroblasts within collagen matrices produce a dendritic network of cytoplasmic extensions. Pictures were taken using a phase-contrast microscope at the indicated culture time points and magnification.](i0006-3363-87-5-127-f08){#F08}

Effect of TGFB1 and Fibrillar Collagen 1 on Fibroblast Viability {#s3h}
----------------------------------------------------------------

The behavior and function of cells is regulated by changes in the composition of the extracellular matrix \[[@R41]\]. During luteolysis, the expression of collagen 1 increases dramatically \[[@R08], [@R42], [@R43]\]. We demonstrated that TGFB1 induces luteal endothelial cell death when plated on collagen 1 gels, as shown by a significant increase in caspase 3 activity after treatment with TGFB1 for 8 and 24 h \[[@R37]\]. We wanted to determine if TGFB1 had the same effect on luteal fibroblasts. To answer this question, we plated luteal fibroblasts using the same experimental conditions as previously described for luteal endothelial cells \[[@R37]\]. TGFB1 had no effect on fibroblast morphology at 8 or 24 h of treatment ([Fig. 9](#F09){ref-type="fig"}A). Treatment with FASLG (100 ng/ml) caused cell rounding and detachment that was evident at 24 h ([Fig. 9](#F09){ref-type="fig"}A). Treatment of fibroblasts with FASLG (100 ng/ml) also caused a significant (*P* \< 0.05) increase in caspase 3 activity at 8 and 24 h ([Fig. 9](#F09){ref-type="fig"}B). In contrast to the proapoptotic effect of TGFB1 on bovine luteal endothelial cells \[[@R37]\], TGFB1 had no effect on the level of caspase activation of fibroblasts at 8 or 24 h of treatment in the absence or presence of FASLG ([Fig. 9](#F09){ref-type="fig"}B).

![Effect of TGFB1 on fibroblasts plated on collagen 1 gels. **A**) Morphology of fibroblasts plated (5 × 10^4^ cells/well) in growth medium on 48-well plates coated with bovine collagen 1 gels (0.15 ml, ∼2.4 mg/ml). Plated cells were treated with control medium (Ctl), TGFB1 (1 ng/ml), FASLG (100 ng/ml), or their combination. Pictures were taken under a phase-contrast microscope after 24 h of incubation at 37°C. Original magnification ×200. **B**) Caspase 3 activity was measured after 24 h of treatment using the Caspase-Glo 3/7 assay kit. Data are expressed as a percentage of the caspase activity observed in controls and represent three independent experiments, each performed in triplicate with similar results (mean ± SEM, n = 3, \**P* \< 0.05).](i0006-3363-87-5-127-f09){#F09}

Discussion {#s4}
==========

The regulation of tissue remodeling that occurs during luteolysis is not completely understood. However, the process evidently involves effects on cell types in the corpus luteum that either express or do not express PGF2α receptors, like steroidogenic cells and fibroblasts, respectively, suggesting that steroidogenic cell products act in a paracrine fashion to regulate the function of other cell types. TGFB1 is produced by bovine luteal steroidogenic cells, and its expression is induced by PGF2α in vitro and in vivo during luteal regression \[[@R15]--[@R17]\]. In the present study, we show that TGFB1 regulates the function of luteal fibroblasts. The results suggest that TGFB1 may regulate the remodeling of extracellular matrix observed during luteolysis.

Fibroblasts are the principal cell type responsible for collagen synthesis and the production of connective tissue that occurs in normal tissue remodeling, such as wound healing in response to injury. Activation of fibroblasts, with their differentiation into myofibroblasts, is helpful during wound healing and tissue repair but turns harmful when the process becomes uncontrolled, as occurs in remodeling associated with fibrotic diseases \[[@R44]\]. The structural hallmarks of progressive fibrosis are enlarged extracellular matrix, parenchymal cell atrophy (i.e., epithelial tubular cells in renal fibrosis), and inflammatory response. The cells primarily involved in the pathological changes in fibrosis are the fibroblasts. In fact, the number of renal interstitial myofibroblasts increases dramatically during tubulointerstitial fibrosis, and their long-term activation results in massive extracellular matrix accumulation and the progression of renal failure \[[@R18], [@R45]\]. TGFB1 is the primary cytokine associated with disorders characterized by inflammation and fibrosis. The significant amount of TGFB1 normally produced under basal conditions by fibroblasts is augmented in fibrosis and correlates with clinical and histological markers of the pathology. In the present study, we demonstrate that TGFB1 stimulates luteal fibroblast chemotaxis, collagen contraction, and extracellular matrix production in vitro, suggesting that TGFB1 induces fibroblast-mediated profibrotic responses.

Although evidence suggests that TGFB1 exerts growth-inhibitory effects on an array of cell types, its role in fibroblast proliferation appears to depend on the distinctive properties of fibroblasts residing in different tissues. Accordingly, TGFB1 induced proliferation in dermal fibroblasts but attenuated the proliferative response in oral fibroblasts \[[@R26]\]. Our experiments demonstrated antiproliferative effects of TGFB1 on luteal fibroblasts in vitro. TGFB1 stimulation reduced proliferation of serum-deprived luteal fibroblasts in a concentration-dependent manner. FGF2, a potent mitogen for human renal fibroblasts \[[@R45]\], induced luteal fibroblast proliferation, which was blocked by TGFB1.

Despite decreasing the proliferative activity of luteal fibroblasts, TGFB1 induced fibroblast activation and increased floating matrix contraction and extracellular matrix production. Using a transwell migration assay, we found that stimulation with TGFB1 significantly increased migration in luteal fibroblasts. Interstitial fibroblasts of adult tissue are normally stationary despite the absence of spatial boundaries, such as basement membranes. Such motile restraint is lost during embryogenesis, wound healing, and pathologic processes like cancer metastasis and fibrosis \[[@R46]\]. TGFB1 signaling regulates fibroblast migration in normal and pathologic conditions \[[@R19], [@R38]\]. The effect of TGFB1 on the migratory response of luteal fibroblasts could have a physiological role in luteolysis by stimulating fibroblasts normally present in the wall of blood vessels to migrate into the parenchyma of the gland to deposit new extracellular matrix.

In normal tissues, resident fibroblasts are quiescent, producing limited amounts of extracellular matrix proteins \[[@R47]\]. Tissue injury induces cytokine and growth factor-mediated pathways that result in the activation of fibroblasts \[[@R29], [@R44]\]. Activated fibroblasts produce significant amount of matrix proteins, including fibronectin, which is thought to form a scaffold for the deposition of other proteins and function as a fibroblast chemoattractant to amplify the fibrotic process \[[@R48], [@R49]\]. Our in vitro studies demonstrated that TGFB1 markedly enhanced the matrix-synthetic ability of luteal fibroblasts. Laminin and collagen 1 synthesis were significantly up-regulated in luteal fibroblasts on stimulation with TGFB1. Furthermore, TGFB1 induced the expression of active MMP1 by luteal fibroblasts. These findings may explain the marked increase in *collagen 1* mRNA expression \[[@R43]\] and deposition \[[@R08], [@R11]\] as well as the increase in *MMP1* expression \[[@R12],[@R14]\], observed in regressing corpus luteum. This allows fibroblasts to modulate both production and destruction of extracellular matrix during structural luteolysis as well as the response of other cells.

The floating matrix contraction assay was employed to study the process of matrix remodeling \[[@R50]\]. In the assay, the matrix is released after polymerization, at which point the embedded fibroblasts start to remodel the matrix. Fibroblasts within collagen matrices associate with collagen fibrils and produce a dendritic network of cytoplasmic extensions. Matrix remodeling occurs as a result of the migratory activity of cells, which are moving throughout the matrix to form connections with neighboring cells \[[@R39], [@R40]\]. As fibroblasts move, they exert mechanical forces on their surroundings that cause contraction of the matrix \[[@R39], [@R40]\]. TGFB1, along with platelet-derived growth factor and lysophosphatidic acid, stimulate contraction of floating collagen matrices by fibroblasts \[[@R51]\]. The present experiments utilized type I collagen gels populated with luteal fibroblasts to mimic the extracellular matrix present during luteolysis. Exposure to TGFB1 significantly increased gel contraction compared with that of gels floated in control medium. The ability of luteal fibroblasts to contract collagen matrices may be important to achieve efficient reduction in size of the corpus luteum as it is cleared from the ovary.

The present results indicate that luteal fibroblasts are relatively resistant to the cytotoxic effects of cytokines (TNF, FASLG, and IFNG) associated with induction of apoptosis of luteal steroidogenic cells \[[@R05], [@R06]\] and endothelial cells \[[@R35]--[@R37]\]. We observed that FASLG alone increased caspase 3/7 activity and slightly reduced fibroblast viability, a response that was not enhanced in the presence of TNF, IFNG, or TGFB1. The relative insensitivity to cytokines may provide a mechanism for survival of fibroblasts during the extensive matrix remodeling that occurs during luteal regression. Our laboratory reported that TGFB1 induced apoptosis of luteal endothelial cells when plated on fibrillar collagen 1 gels \[[@R37]\]. However, TGFB1 did not induce apoptosis of luteal fibroblasts when plated on fibrillar collagen 1 gels. These findings are consistent with the known cell- and context-specific actions of TGFB1. The observation that TGFB1 inhibits fibroblast proliferation but does not sensitize the fibroblast to apoptosis-inducing cytokines may provide a mechanism that prevents overt expansion of the fibrotic matrix to allow formation of a corpus albicans.

Our findings contribute new information essential for understanding the role of the TGFB1 pathway in matrix remodeling during luteal regression. Despite its antiproliferative effects, TGFB1 induced luteal fibroblast migration and collagen matrix contraction and promoted synthesis of extracellular matrix proteins. The antiproliferative effects of TGFB1 on resident fibroblasts may serve to attenuate adverse fibrotic remodeling of the regressing corpus luteum.
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